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Abstract 
Thermal arc spray aluminium coating is widely used in recent years as a protective coating due to its capability to 
withstand high temperature and cost effective process. It has been utilized by many industrialists in oil and gas 
sector, where most of the applications are in atmospheric condition. Organic coating could fail prematurely and 
result in corrosion progression from coating failure. This paper will discuss the overall framework of experiments to 
justify the performance of thermal arc spray aluminium coating. In this research 99.5% aluminium was used as the 
coating material in wire form of 2.3 mm diameter using wire arc spray method. Six samples were prepared with 
different thickness of coating from 200 to 400 microns. Mechanical tests such as Pull-off Test and Bend Test were 
performed to evaluate the coating performance. The tests indicated that all samples had passed the minimum 
requirement with an average of 10 MPa for Pull off Test and no crack appeared in Bend Test. Hardness Test and 
Surface Morphology Analysis were also performed with coating thickness ranged between 350-400 microns  to 
inspect and evaluate the coating properties. The hardness test showed an average value of 209.7 HV.  Surface 
morphology analysis using FE-SEM indicated low porosity structures and high content of oxide. Thus, from the 
overall results and analysis it was found that the thermal arc spray can perform coating duty effectively. Further 
research may be conducted to explore more on the potentials of thermal arc spray aluminium coating such as the 
analysis on different coating thickness and coating materials. 
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1. Introduction 
     Thermal spray is a type of surface engineering technology used to combat degradations, especially corrosion [1].  
The main objective of the application of thermal spray coating is to protect and reduce steel structure from corrosion 
apart from reducing wear and rate of material lost. Due to these characteristics, thermal spray coating is very useful 
to protect steel structures in any atmospheric condition, particularly in marine environment [2].  Generally, thermal 
spray coating is produced when deposited material either in wire or powder form are melted by a heat source. The 
melted material is then sprayed onto a substrate to form a coated material layer [1-3].  
      In thermal wire arc spray coating, wire is melted by an electrical source causing the formation of arc which 
produces heat. The temperature of the heat from the arc could reach easily between 4000 to 6000 ° C [1, 4, 5]. The 
melted material will be driven forward in spray form by high velocity compressed air, which is about 100-300 m/s 
[4, 5]. Once the melted material collides against the substrate, the melted material will be solidified immediately, 
bonded and turned as a coating [6]. This process will give advantages due to combination of high arc temperature 
and high velocity particles movement resulted in more dense coating [4].  This method is widely used in oil and gas 
industry such as on tank, riser, platform or any area which requires substantively high corrosion and wear resistance. 
It is simple process, effective corrosion resistance method and generally with low production cost. These make such 
process to be widely chosen method of corrosion protection by industry [2].  
        Pure aluminium and aluminium alloys are normally used in arc spray process as coating materials. As reported 
by American Welding Society that aluminium is the most outstanding material in aggressive environment such as 
marine, under thermal insulation or hot surface area as claimed in its report on Corrosion Test of Flame Sprayed 
Coated Steel [7]. Aluminium coating advantages originated from its ability to form passive film formation, thus 
giving a lower corrosion rate and would withstand high temperature process [8]. In this research, a feedstock of 
99.5% aluminium was used as a bond coat sprayed onto metal substrates by using thermal arc spray machine with a 
spray gun. A number of arc spray parameters were selected to produce the desired coating such as the number of 
passes and layers. Then, the coating samples were characterised based on the adhesion strength, hardness and 
microstructure analysis. 
 
2. Experiment Details 
 
2.1 Materials and Substrate Preparation 
 
      In this experiment, the selected metal substrate was mild steel with density of 7.86 g/cm3 and was cut to 150 mm 
in length, 50 mm in width and 2 mm in thickness. All sample surfaces need to be cleaned from any contaminations 
such as oil and grease by rinsing in tap water followed by application of ethanol, and then dried. Abrasive blasting 
was then carried out at 4-6 bars to clean any rust on surfaces until the degree of cleanliness reaches at minimum of 
2.5 SA based on ISO 8501-1. The surface roughness of the blasted surface shall be in the range of 75 – 110 micron 
for greater adhesion strength of coating [9]. At the final inspection for the blasted samples, the dust level on all 
samples shall be below or equal to the rating of 1 through visual inspection as according to ISO 8503-3 [10]. The 
substrate surface was blasted using 20/40 mesh size of garnet. During blasting process a stand-off distance was 
maintained at approximately 6 inches from the substrate samples. In this study 99.5% Al was applied as the coating 
material. Table 1 shows the coating material and selected substrate composition specification.  
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          Table 1. The coating material and metal substrate composition specification for thermal arc spray coating 
 
 
2.2 Coating Deposition 
    After the samples were blasted, they were immediately arc sprayed with the 99.5% aluminium.  The process 
parameters used for the 99.5% aluminium are shown in Table 2. In the arc spray process, no sealer is applied and 
coating has to be performed in a closed area. The reason is to reduce reactions between sprayed material and the 
ambient air, which will lead to surface oxidation [5]. Different coating thickness was applied on every sample and 
this parameter becomes variable processing parameters as highlighted in Table 3. The thickness is measured using 
an electronic thickness gauge. After coating, all samples were air-cooled to room temperature to reduce internal 
stresses in the coating [11]. Then the samples were collected for further analysis. 
  
 
 
                                    Table 2. Process Parameters of Thermal Arc Spray  
 
No Variable Parameters Value 
1 Air compressed, bar 6 
2 Voltage, V 30 
3 Ampere, A 200 
4 Relative Humidity <85% 
5 Spray Angle, ° 90 
6 Spray pattern Block 
 
 
 
 
 
 
             .      
          Table 3. Variable setting parameters of 99.5% Aluminium Alloy coating 
No Material Chemical Composition wt % 
1 Aluminium Alloy Si 0.065 
Fe 0.182 
Cu 0.0032 
Cr 0.0013 
Ni 0.002 
Zn 0.001 
Ti 0.002 
Co 0.001 
Others 0.0489 
Al Remainder 
2 Substrate Fe 98.4 
C 0.0555 
Mn 0.524 
S 0.0163 
Si 0.145 
Sb 0.0115 
Mo 0.0252 
Ti 0.015 
Sb 0.0115 
Others 0.0638 
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Samples Coating Thickness, microns 
Sample 1 222 
Sample 2 227 
Sample 3 258 
Sample 4 320 
Sample 5 373 
Sample 6 397 
2.3 Coating analysis 
      To justify that thermal arc spray aluminium coating could perform its coating duty, mechanical tests were 
conducted. Pull-off Test was carried out to evaluate coating adhesion strength between coating and substrate to 
check any weakness in the coating system. The bend test is to evaluate the ductility of the coating materials. Both 
tests are related to each other and must pass the minimum requirement. Six samples or substrates with dimension of 
150 mm x 50 mm x 2 mm and different coating thicknesses as referred to Table 3 were prepared for each type of 
test. All the six samples were bent until 180° using 13 mm diameter of steel mandrel. The samples were visually 
inspected as indicated in Figure 1. In the Pull-off Test, a dolly is used to pull the coating by using epoxy glue as an 
adhesive medium as shown in Figure 2. The Pull-off Test carried out was based on ISO 4624. The tests were 
evaluated in duplicate where testing equipment was attached to coating and then aligned before force was applied. 
The force will be increased gradually until a portion of coating was detached, and the value of force was recorded. 
The pull-off adhesion strength shall be of a minimum of 7 Mpa for any single measurement. When the value was 
less than 7 MPa the coating was considered failed or rejected. 
 
 
 
 
Fig.1.Bend Test Indicator 
 
 
Fig. 2. Pull of Test Diagram 
      The phase and microstructure analysis of the coating samples (surface structure and cross section) were 
evaluated using Field Emission Scanning Electron Microscopy (FESEM). Hardness analysis was assessed using 
Vickers Hardness Method. In this analysis the load used was 0.3kgf and the loading time applied was 10 seconds. 10 
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readings were taken for more accurate results. From six samples, two samples (with coating thicknesses of 373 
micron and 397 microns) were selected and prepared for SEM analysis and the rest (with coating thickness ranged 
350-400 microns) undergoes hardness test.  
 
3. Results and Discussion 
 
3.1 Hardness and Adhesion Strength 
 
       Analysis of the performance of thermal arc spray coating was based on the hardness, adhesion and bonding 
strength of the coating materials. The assessment and observation were done through Pull-Off Test and Bend Test. If 
one of them failed, the coating considered fails or needs to be rejected. Application of coating considered accepted 
when both results pass the minimum quality requirement as per standard referred. Sample tests and their results are 
shown in Table 4. 
 
                                Table 4. Pull-off Test and Bend Test Results 
 
Samples Pull-off Test Result (Mpa) Bend Test Result 
1 10.74 Pass 
2 9.38 Pass 
3 9.8 Pass 
4 11.16 Pass 
5 11.53 Pass 
6 12.38 Pass 
 
Based on Bend Test results, it can be noticed that all samples passed the requirement since no cracks observed. This 
indicates the coating has acceptable bond strength for coating purposes. In Pull-off Test, the coating was loaded in 
tension by dolly until the coating detached. The result has shown positive indication since all samples passed the 
minimum requirement of 7 Mpa. Sample 6 with the highest coating thickness of 397 microns gave the highest 
adhesion strength of coating of 12.38 Mpa. From the six samples, two of them were selected for hardness test. The 
samples were from coating thickness of 373 microns and 397 microns. The results had shown that the average 
hardness of coating was found to be 210 Hv. In SI unit for pressure, 210 Hv is equivalent to 2059 Mpa based on the 
following conversion formula: 
                                                              Mpa =  9.807 x Hv [12]                                                                              (1) 
 
Based on applicable standard, sample 1 with coating thickness of 222 microns gave the most economical and 
optimum acceptable result with Pull-Off strength of 10.74 Mpa. 
 
 
 
 
Fig.3. Photograph of Bend Test result (no crack) for (a) and (b) Pull-off Test arrangement 
 
 
3.2 Bonding and Coating Structures 
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When the melted material of 99.5% aluminium alloy was accelerated by compressed air, the particles would spread, 
solidify and bond immediately on the substrate and form a layer called coating [13]. The samples with different 
setting of spray parameters were analysed for surface morphology. In this analysis, substrates with coating thickness 
of 397 microns were selected. Figure 4(a) shows the sample with surface morphology while Figure 4(b) shows the 
cross-sectional view of the coating surfaces on substrate. 
  
 
Fig. 4. Micrograph of  (a) surface morphology at  300x magnification and (b) cross-sectional view of coating at 30x  magnification 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            
Fig. 5. Aluminium Alloy Coating Composition Analysis 
      From the morphology image of the coating surface shown in Figure 4(a), although the microstructure had shown 
porosity, the pores were not critical especially for corrosion resistance due to their tiny sizes and the location of the 
pores on the coating surface. The reason for very small sizes of porosity was due to inducement of air or gases 
during thermal arc spraying process [13]. The porosity may occur from lamellae structure where semi-molten 
particles were present [14]. The semi-molten particles will make a small puncture inside coating, and then form 
Element Weight 
% 
Weight% 
Sigma 
Atomic 
% 
C K 28.44 0.54 45.69 
O K 6.62 0.19 7.99 
Al K 64.08 0.50 45.83 
Si K 0.40 0.04 0.28 
S K 0.23 0.03 0.14 
Cl K -0.02 0.02 -0.01 
Fe K 0.22 0.04 0.08 
Zn K 0.01 0.07 0.00 
Element Weight 
% 
Weight% 
Sigma 
Atomic 
% 
C K 30.39 0.44 47.23 
O K 10.06 0.19 11.73 
Al K 58.76 0.39 40.67 
Si K 0.19 0.03 0.13 
S K 0.19 0.02 0.11 
Cl K 0.05 0.02 0.03 
Fe K 0.23 0.03 0.08 
Zn K 0.09 0.06 0,03 
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porosity in the coated sample. Low porosity would produce compact coating and good bonded coating [2]. Hence, 
based on mechanical test results, all samples had passed the minimum requirement in terms of bonding coating and 
therefore, confirming the quality of coating.  
      Figure 5 shows aluminium is the highest element present within the coating while other particles of oxide such 
as aluminium oxide which is sometimes called alumina also present. Generally this type of oxide formed in thermal 
arc spray process was about 2-8% [15]. As observed from the result the oxide content within the tested coating was 
found to be 10 % i.e. 2 % higher compared to the normal figure. The oxide presents in the coating will give 
advantage as aluminium oxide or alumina which is a refractory material, ceramic in nature and forms hard material 
which would increase coating hardness [2].  As the presence of oxides increase the hardness of coating will also 
increase.  
 
4. Conclusion  
 
• Results from mechanical tests analyses indicated that adhesion strength of coating will increase as coating 
thickness increased. In this research, coating thickness of 397 microns produced adhesion strength of 12.38 
Mpa.  
 
• Since all samples had passed the minimum requirement of Bend Test and Pull-off Test, results indicated 
that thermal arc spray aluminium coating is useful and able to fulfil the required coating functions. The 
ideal coating thickness could start from 200 microns.  
 
• From surface morphology analysis it was observed that thermal arc spray process would oxidise the 
aluminium coating layer and form a layer of aluminium oxide. The oxide layer may help reducing the 
porosity level of aluminium coating and forms dense structures which contribute to the increase in coating 
hardness. 
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